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Minimally invasive robotic Single Port Laparoscopic Surgery (SPLS) is of high importance, due to 
its ability to reduce operation times, recovery times, postoperative infection rates and improve cosmesis 
while providing surgeons with greater dexterity and precision than traditional SPLS techniques. Previous 
approaches to robotic SPLS rely on modifications to devices meant for multi-port procedures. These 
approaches suffer from larger port sizes and triangulation problems. Here, we propose a scheme for SPLS 
involving 6 degree-of-freedom robot manipulators and lumen design that translates the dexterity and 
triangulation capabilities of the human arm to the internal operating field using an insertion scheme where 
four 9 mm tools can be passed through a single 18 mm lumen. 
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Teleoperated robots are valuable tools that can offer many benefits for both the patient and surgeon. 
However, when remotely operating a robot, a human operator is at a significant disadvantage compared to 
acting directly with his or her hands. The two most important drawbacks are the loss of touch sensation and 
the loss of dexterity. This work aim’s to investigate the ladder and attempts to provide the surgeon a slave 
robot manipulator with dexterity comparable to that of his or her own arm at the operating zone with 
minimal invasiveness. 
1.2. Objectives 
The primary objective for this research is to develop a 6 degree of freedom miniature insertable robotic 
manipulator and teleoperation controls for minimally invasive surgical applications. This objective was 
achieved by the following tasks. 
1.  Mechanical design, manufacturing and assembly of the manipulator and cannula prototypes. As well 
as design and development of custom motor axis control cards. 
2. Control development, which includes the inverse kinematics, dynamics and haptics device 
teleoperation control. 
3. Experimental validation of the design and control methods, which includes the end effector force 
capabilities, the workspace usage, and user input position tracking. The evaluation was based on the 






This thesis is divided into 9 chapters, the contents of which are as follow
 
Chapter 2 contains a literature review, which discusses the basic laparoscopic surgical procedure and the 
robotic platforms that have been developed previously to assist the surgeon. 
Chapter 3 contains a detailed description of the mechanical design of the manipulator, which includes the 
roll and flexure joint types, cable (tendon) routing, as well as the design of the cannula. 
Chapter 4 contains a description of the manufacturing and fabrication of critical components in the 
assembly, which include the 3D printed plastic and metal manipulator joints and the fabrication of the 
flexure hinge. 
Chapter 5 contains a description of the inverse kinematics and dynamics used in the control of the 
manipulator. 
Chapter 6 contains a detailed description of the experimental setup used to validate the manipulator. 
Chapter 7 contains a description of the overall teleoperation scheme and the haptic device used to collect 
user input as well as provide the user with force feedback. 
Chapter 8 contains a discussion of the experimental results and validation of the manipulator and cannula. 
Chapter 9 contains the conclusion of the research and suggestions for future work. 
1.4. Contributions 
As mentioned, the design of a miniaturized robot manipulator with a high degree of freedom and large 
force capabilities has proven to be a difficult task. Previous researchers have developed complex continuum 
robots in an attempt to gain dexterity and reduce the size of the manipulator. However, this leads to complex 
control schemes and longer manipulators that reduce the force capabilities at the end effector. To avoid 
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these limitations, we have designed and fabricated a miniaturized rigid link and joint manipulator that is 
shown to be capable of large forces using simple traditional robotic kinematics and control schemes. We 
also introduce a novel serial robot insertion technique where by, once inserted, the manipulator is shifted 
off the central axis of the cannula allowing for the insertion of up to 4 manipulators while the diameter of 






2.1. General Laparoscopy 
Before the 1980s, most surgical procedures were performed through large incisions. While this allowed 
the surgeon direct access to the operating field, it usually resulted in high patient trauma, longer hospital 
stays and significant postoperative scarring. In the early 1990’s camera technology for laparoscopes had 
improved enough to enable laparoscopic surgery (or minimally invasive surgery). Figure 1 shows the 
laparoscope lumen, containing the optical elements, and the digital video camera that mounts to the 
laparoscope. 
 
In laparoscopic procedures laparoscopes as well as miniature tools are inserted through multiple small 
incisions to access the operating field.  
Figure 1 (a) Typical laparoscope. (b) Typical digital video camera 
laparoscope attachment. (c) Typical digital camera laparoscope 
assembly. Courtesy of Stryker.com 
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The first step to any laparoscopic procedure is to establish safe access to the surgical site. To this 
end, a small incision is made in the abdomen where the laparoscope will later be placed. A device called a 
Trocar which is essentially a thin plastic or metal tube) is inserted through this small incision to provide 
access to the peritoneal cavity. Trocars (shown in Figure 2b) are made available in 5, 10, 12 and 15mm 
inner diameters for various sized tools. CO2 gas is pumped through the trocar to insufflate the abdomen and 
establish a pneumoperitoneum. This distended peritoneal cavity (shown in Figure 2c) allows greater 
visibility and mobility in the operating field. After establishing pneumoperitoneum, up to 4 other incisions 
can be made, each with its own respective trocar providing independent access to the operating field. A 
laparoscope is generally inserted through a 10mm trocar to gain visibility and light the surgical site. In 
addition to the laparoscope, miniature tools are inserted through the trocars to achieve resection, cutting, 
suturing, stapling or focused energy tasks. A common hand-held laparoscopic tools including a needle 
driver and shears are shown in Figure 2a. While laparoscopic surgery has been shown to reduce patient 
trauma, morbidity and length of hospital stay, it has also increased the complexity of surgical procedures 
that were otherwise considered commonplace in the past.  
Figure 2 (a) Typical 5mm needle driver/scissor tools for of Aesculap USA. (b) Typical 5, 10, and 12mm 
disposable surgical trocars with trocar probes create a safe passage through the abdominal cavity. Courtesy 
of medicalwecare.com. (c) Typical multiport laparoscopic setup. Courtesy of melakeafertility.com   
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One major challenge that exists in all laparoscopic procedures is unintuitive motion caused by the 
fulcrum effect. The laparoscope and tools are inserted through a layer of skin and tissue. To prevent excess 
damage to the tissue immediately surrounding the tool, the surgeon must pivot the tool about the incision 
or fulcrum point. The distal end of the tool or laparoscope inside the operating field moves in the opposite 
direction to the tool handle outside the operating field. This results in an unintuitive mapping between the 
motion of the tool end effector and tool handle.  
Another equally important challenge is the lack of dexterity of laparoscopic tools. In the past 
surgeons were able to make use of the all degrees-of-freedom available in the human wrist and arm to 
perform open surgeries. In contrast, most laparoscopic tools today have at 1-degree-of-freedom at the distal 
end of the tool lumen. The loss of dexterity inside the operating field can make tasks such as suturing 
extremely difficult.   
As a result of these challenges, laparoscopic surgeons must be highly trained to perform complex 
surgical procedures with impaired visibility, limited dexterity, and, as of today, no touch sensation in the 
operative field. In an attempt to provide a more intuitive solution to non-invasive laparoscopic procedures, 
engineers began to investigate the efficacy of surgical robotics. 
2.2. Robotic Surgery 
In 1995, the aptly named, Intuitive Surgical received initial United States Food and Drug 
Administration (FDA) clearance for Da Vinci [1]; a revolutionary minimally invasive robotic surgical 
system. This single robotic system has since defined the medical robotics field with discussions of the 
system appearing in over 4,000 publications. The company’s latest model, Da Vinci Xi (seen in Figure 3), 
includes four independent patient-side manipulator arms each with 7 degrees-of-freedom and is capable of 
performing a number of different gynecological, urological, upper and lower GI tract procedures including 
hysterectomies nephrectomies and prostatectomies. There are currently over a thousand Da Vinci systems 
installed today worldwide. Although Da Vinci has pushed the boundaries of the medical robotics industry 
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in terms of capability and market reach, several challenges still exist in robotic minimally invasive 
procedures. 
 
Figure 3. Da Vinci robotic surgery system (a) Slave robotic arms and laparoscopic tools (b) control systems cart (c) Master 
surgeon console with stereoscopic monitor.  
 
2.3. Multi-port Robotic Platforms 
Recently, several multi-port robotic platforms have been developed for extraluminal procedures. As 
discussed above, the Da Vinci platform by Intuitive Surgical [1] has proved to be the most successful 
surgical robotic platform. As a result, it is the only platform mentioned in this paper that is currently 
commercially available. The Endowrist® is of the most important innovations that lead to the success of 
the Da Vinci platform. The Endowrist® is a 3 degree-of-freedom tendon-driven manipulator added to the 
distal end of the tool lumen to replicate the full dexterity of the human wrist inside the operating field. This, 
combined with the dexterity of the external robot arms, gives the Da-Vinci platform outstanding 
maneuverability.  The main drawbacks of the Da Vinici platform are high cost and large external robot 
arms that crowd the operating room.  DLR, in Germany [2], [3], has developed a 3 degree-of-freedom 
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robotic wrist, similar to the Endowrist®, which enables 6-axis force sensing at the end effector. They have 
shown that by integrating force and torque sensors at the instrument tip they can provide realistic kinesthetic 
feedback of remote forces. A group at Wisconsin University have developed an Interleaved Continuum 
Rigid robot [4], [5] with including both rigid links and a flexible snake-like end effector. 
2.4. Single Port Robotic Platforms 
In an attempt to further minimize the invasiveness of extraluminal procedures investigators have moved 
towards the development of single port robotic platforms. Unlike the multi-port robotic platforms discussed 
above, single port robotic platforms only require one small incision, usually located at the navel as shown 
in Figure 4a.  
 
In recent in-vivo studies, Da Vinci has proven capable of performing some single port operations [6]. 
However, Da Vinci was originally built to perform multi-port extraluminal operations so single port 
performance is not expected to be optimal. A device called a gel port is used to provide multiple Da Vinci 
tools a single compliant, airtight pathway to the operating zone. While the gel port enables the use of the 
well-known Da Vinci platform for single port surgery, it requires a large incision to install and allows tools 
to clash both inside and outside of the operating field. Figure 4b shows a cut-away of a common single port 
surgery as performed using the Da Vinci platform. The curved tool lumens must be used to maximize 
triangulation in the operating field and reduce clashing of the external robot arms. The dexterous Da Vinci 
Figure 4. Single port robotic surgery setup. (a) Da Vinci in single port configuration (b) 
cut-away of common single port robotic surgery configuration. 
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Endowrist tools cannot be used in single port surgeries due to the curved shape of the lumen as shown in 
Figure 4b. These issues warrant the development of platforms that are more specifically designed for single 
port surgeries.  
Researchers have developed several dedicated single port platforms to solve port size, triangulation and 
clashing problems apparent in the Da Vinci single port solution. Table 1 lists the relevant robotic platforms 
that have been developed in various research institutions. A group at Vanderbilt University has developed 
a single port platform they call IREP [7] with two snake-like continuum manipulators and a built-in 
Table 1. Current Robotic Platforms for Single and Multi-port Minimally Invasive Surgery: Designs and Features   
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adjustable laparoscope that fit through a 15 mm trocar. This device currently holds the record for the 
smallest port size required for single port surgery. Intuitive Surgical has also developed their own single 
port scheme called Da Vinci Single Port (SP). This new Da Vinci platform, likely an add-on for an existing 
Da Vinci robot, is much like the IREP platform. Intuitive has not released any technical information, 
however, it appears that the platform allows for a removable camera as well as three continuum 
manipulators. A group in Korea have developed a plate spring-based laparoscopic surgery robot [8]. They 
use plate springs in place of more traditional tendon-based actuation and claim that greater forces can be 
achieved. The layout appears similar to the previous 2 platforms and includes two arms and a camera. The 
platform is much larger however, and requires a large port size. A team at Nebraska University have 
developed a platform with two robotic arms with rigid links and a laparoscope called SISR [9]. In this 
design micro DC motors were placed at each joint on the arm making tendon transmission unnecessary. 
The micro gears and compact design appears quite complex and expensive to manufacture. In addition the 
platform is quite large and requires a large port size. A group in Sant Anna has developed SPRINT [10], a 
similar two armed design with integrated micro motors. However, their robot can be assembled at the distal 
end of the trocar which serves to reduce the required port size. Lastly, the Minimally Invasive Robot (MIR), 
developed in this thesis, is shown in the last entry of the table to compare the design and features with 





3. Mechanical Design 
As shown in previous work, there has been much development of robotic platforms for multiport access 
and single port access. It is apparent from the literature that platforms with a high degree of manipulator 
dexterity in the surgical field are desired. The port size must be kept below 25 mm for true single port 
procedures. In addition, the tools should be compact and interchangeable to increase procedure flexibility. 
It was our goal to design an interchangeable 6 DOF tendon driven robotic manipulator tool capable of tissue 
palpation and dissection. In addition, we looked to design a 15 mm trocar, through which, four 8 mm 
manipulator tools could be inserted and assembled serially.  
3.1. Design Overview 
Articulated 6 degree-of-freedom robots have proven effective in many surgical procedures. This is 
likely due to the similar configuration that exists in the human arm. It is also important to note that the port 
Figure 5. (a) General schematic of our minimally invasive robot device including three main components: 1. Tool (blue), 2. 
motor module (green) and 3. Trocar (violet). (b) Top and side detail schematic of the one insertable tool and manipulator. 
(c) cross-section A, showing the single central via and 4 outer vias. Two tools fully inserted and configured, one tool 
occupying central via during insertion). 
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configuration plays a significant role in the design of the robotic end effector. Single port minimally 
invasive robotic platforms present a unique challenge when compared to their multiport counterparts. 
Multiport robotic systems have the ability to pivot independently about a virtual point located at the port 
site. This provides two additional DOFs to each robot manipulator. In single port systems, on the other 
hand, the multiple robot manipulators are generally constrained to be parallel with each other as well as 
with the trocar to limit the size of the incision and port, removing two degrees of freedom. These two 
missing degrees of freedom must be added to the robot manipulator itself located at the distal end of the 
lumen to maintain the desired dexterity comparable to that of the human arm while allowing single port 
access. This is the main reason that existing multiport robotic platforms such as Da Vinci and Raven often 
have 2DOF at the distal end of the lumen, while single port systems such as IREP can require up to 6DOF 
at the distal end of the lumen.  
Figure 5 shows an overview of the minimally invasive robotic (MIR) platform. The design includes 
three main components; the tools (shown in blue), the corresponding motor or drive modules (shown in 
green), and the trocar (shown in violet). The trocar is inserted through a single incision and is used to create 
a temporary port to the operating field. The tool is then inserted through the central via of the trocar (shown 
in Figure 5c) while the tool lumen is guided along one of the outer vias. Multiple tools can be passed through 
the central via due to the offset assembly configuration at the distal end of the trocar. The tool, shown in 
detail in Figure 5b, consists of a tendon driven 6 degree-of-freedom manipulator connected to a drive 
interface through an extended lumen. The actuator tendons terminate at a set of 6 drive pulleys located in 
the drive interface. The drive module includes 6 DC motors that can temporarily mate to the tool drive 
pulleys to provide actuation to the manipulator. The main components in this platform are discussed in 
detail in the subsequent sections. 
3.2. Cable-Sheath System 
Various actuation schemes have been attempted in past literature. Two modalities have been attempted 
for the use of DC motors. In one scheme, miniature DC servo motors are placed at each joint within the 
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manipulator and electrical wiring is guided through the body of the manipulator through the lumen and to 
an external controller. This particular configuration allows for more efficient, simpler torque transmission 
at the joint as well as flexibility of electrical cable routing. However, smaller DC motors require significant 
gear reduction to deliver the torque necessary for surgical tasks. This effects the system bandwidth and can 
introduce negative nonlinear effects such as backlash. In addition the miniaturized gear-based transmissions 
are complex and expensive to manufacture. Alternatively, DC motors can be placed outside the body with 
mechanical push-rod or cable connections to the joint at the distal end of the lumen. This arrangement 
allows for larger, high torque DC servo motors that are more effective for tissue dissection or retraction. 
However, mechanical transmission of torque from the motor through the lumen can be challenging. 
Tendons or cables must be routed through the lumen and manipulator carefully to minimize backlash and 
friction and eliminate coupling effects. The ladder configuration was chosen for the robot and a pull-pull 
tendon/cable system was implemented for actuation of the joints.  
The ideal actuation tendons should have high tensile strength to transmit large forces, flexibility for 
compact cable routing and low friction to reduce dead zone or backlash. Stranded steel cable was chosen 
for the mechanical transmission with diameter 𝐷𝑡 0.150 mm and tensile strength of 12 lbs. Other materials 
including high strength nylon and Kevlar (shown in Table 2) were also considered. Ultimately, steel was 
chosen due to its large relative tensile strength, good flexibility and small diameter. 




In traditional, large scale, pull-pull tendon systems, pulleys are used minimize friction, redirect the tension 
forces and limit the bend radius of cables to prevent kinking. The manipulator design presented here is too 
small for existing pulley configurations to be assembled locally at each joint. Instead of pulleys, a tendon-
sheath system was devised (shown in Figure 6) to reduce friction and enable curved tendon routes. A 30 
gauge polytetrafluoroethylene (PTFE) tube was chosen for the sheath for its flexibility, chemically 
resistance, biocompatibility, and low coefficient of friction. The PTFE sheath has an outer diameter 𝐷𝑠𝑜 0.6 
mm, and inner diameter 𝐷𝑠𝑖 0.3 mm. The tolerance between the tendon outer diameter 𝐷𝑡 and the sheath 
inner diameter 𝐷𝑠𝑖 is approximately 0.150 mm. This tolerance is necessary for ease of assembly and can 
help to minimize friction. However, in push-pull cable systems, this gap can also introduce backlash. 
Backlash is a phenomenon that occurs when an actuator system changes direction. Manufacturing 
imperfections in the transmission components lead to a small lag in response that results in a nonlinear 
output or dead zone.   Figure 7 shows the origin of backlash in a tendon sheath system. The tendon tends 
to minimize energy by following the shortest path along the inner wall of the sheath when under tension 
Figure 6. Tendon-Sheath system. Tendon: 19 strand Steel Wire, 0.150 mm outer diameter test 
strength 12 lbs. Sheath: 30 gauge Light Wall PTFE, 0.300 mm inner diameter, +/- 0.050 mm with 
wall thickness 0.150 mm. 
 
 
Figure 7. The origin of backlash in tendon-sheath systems (a) tendon under tension pulls towards inner 
wall of the sheath (b) tendon under compression pushes towards outer wall of sheath. 
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loading. However, when under compression or no loading, the tendon can follow a longer path along the 
outer wall of the sheath. The path length difference gives rise to the backlash width 𝑤 which describes the 
severity of the dead zone. The backlash width can be found using Eq. (3.2.1) [11].  
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( )
bend si t bend t
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  (3.2.1) 
A second tendon can be added to the system to reduce the backlash. These systems are referred to as 
pull-pull tendon systems. The reduced backlash in pull-pull tendon systems is mainly caused by a 
combination of the path length difference between compression and tension states, described above as well 
as the friction between tendon and sheath and the elastic deformation of the tendon. The reduced friction 
and backlash found in pull-pull tendon sheath system enables efficient transmission of force through a small 
lumen and allows for the placement of larger, high torque, DC motors outside the operating field.  
3.3. Flexural Joint 
In more conventional, large scale, robot arms, the revolute joint is simply a simple pin joint. This pin 
joint assembly usually consists of a shaft that rotates on ball bearings. It is challenging to design a miniature 
ball bearing-based revolute joint assembly small enough to fit within the 8mm diameter robot body design 
described here. In addition, miniature ball bearings are relatively expensive due to the complexity of the 
Figure 8. A simple monolithic flexural pivot cut from a bulk material.  
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assembly of the various micro components. Alternatively, a flexural pivot (shown in Figure 8) can be used 
to closely mimic the pure rotation motion of a ball bearing-based revolute joint.  
A flexure is a compliant element that provides relative motion between two links in a mechanism 
through bending deformation. The simple geometry of the leaf flexure joint shown in Figure 8 means that 
it can be easily scaled and integrated into compact, miniature assemblies. In addition flexure joints do not 
exhibit nonlinear slip stick friction characteristics that are inherent in bearings. One drawback is that flexure 
joints are traditionally manufactured as monolithic structures using laser and electric discharge machining 
(EDM) techniques. These techniques are expensive and impractical for mass production. Recently rapid 
prototyping has been proposed as a less expensive approach to produce monolithic flexure joints. Plastic 
and metals printed today, however, have low quality surface finish, anisotropic properties, and are generally 
unsuitable for fatigue loading.  Instead of monolithic construction, spring steel leaf flexure inserts, with 
isotropic properties, can be installed in plastic or metal printed parts to obtain a higher quality flexure hinges 
(as shown in Figure 9b) [12]. Flexure hinges do not contain sliding contacts and thus exhibit no wear, 
require no lubrication have no backlash, and are simple and inexpensive to manufacture. In addition, if 
Figure 9. Motion capture flexure cycle test (a) experimental flexure joint angle with respect to commanded motor angle 
(blue). Theoretical flexure joint angle as a function of commanded motor angle (red). (b) Experiment setup  showing one 
flexure joint with spring steel leaf flexure.  
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deformations are limited to within 60% of the elastic regime, flexure hinges can have almost infinite 
lifetimes. 
While the flexure joint provides many advantages over traditional pin joints for this application, it only 
provides an approximation of the pure rotation provided by a pin joint. Figure 9b shows the spring steel 
flexure and an effective center of rotation. Figure 9b also shows the tendon anchor points on the top and 
bottom sides of the flexure. This particular configuration leads to a nonlinear relationship between the 
commanded motor angle and the resulting flexure joint angle. Figure 10 shows a simplified kinematic 
model of the flexure joint and pull-pull tendon configuration. The drive pulley is connected to a servo motor 
used to actuate the joint. Each tendon, shown in blue, is wrapped around the drive pulley, passed through 
the proximal link, and anchored at the top and bottom of the distal link. To arrive at the constraint relations 
in equations (3.3.1), it is assumed that the leaf flexure is a straight rigid beam joining the proximal link to 
the distal link with pin constraints. In addition, the effective flexure joint angle 𝜃 is twice the angle 𝛽 








  (3.3.1) 
We then find a sine inverse relation between the top tendon length 𝑑 and the effective joint angle 𝜃.  
Figure 10. Pull-pull tendon flexure joint kinematics. Flexure is simplifies to rigid 












  (3.3.2) 
Where 𝐿𝑓is the length of the leaf flexure and 𝑎 is the distance between the top tendon and the central axis 
of the joint. The tendon length 𝑑 can be related to the rotation angle of the drive pulley 𝛾 by 
 ( )fd L r    (3.3.3) 
Where 𝑟 is the radius of the drive pulley. The final theoretical relation between drive pulley angle and 











   (3.3.4) 
The theoretical relationship is plotted in Figure 9a (drive pulley radius r of 8 mm and a distance of 4 mm). 
The experimental results (shown in blue) appear to validate the simplified theoretical model. While the 
flexure joint can simplify manufacturing and eliminate friction and wear, the tendon actuation results in a 
nonlinear joint angle relation and will require compensation in the controls.  
19 
 
An anatomical schematic of the human arm is shown in Figure 11a. The biceps and triceps muscle 
groups are known to actuate tendons that drive the flexion and extension motions of the human forearm. 
This pull-pull tendon joint scheme inspired the design of the flexure joint shown in Figure 11b. The 
highlighted tendon pair are routed from the central via of the manipulator to act as the biceps and triceps of 
the joint causing a flexion and extension motion at the elbow (shown in Figure 11c) that resembles the 
human arm. The flexure joint here is capable of approximately 60 degrees of motion in either direction 
before experiencing plastic deformation.  
Figure 11. (a) An anatomical illustration showing human biceps and triceps flexion and 
extension actuation of the elbow joint (b) tendon routing configuration of the elbow shown 




3.4. Roll Joint 
The human wrist, in its simplest form, can be modeled as a 3 degree of freedom joint. The human wrist 
is capable of supination/pronation, or twisting of the wrist from palm up to palm down. This rotation is 
made possible by the pronator teres muscle. Unlike the other axially aligned muscles, the pronator teres 
muscle, shown in Figure 12a, is wrapped around the forearm at a 45 degree angle to produce torque. In the 
proposed robot manipulator, two degrees of freedom (flexion/extension and ulnar/radial deviation) can be 
obtained using two flexure joints in series. However, the supination/pronation, or twisting is more difficult 
to achieve in a compact package. The actuation tendons were routed to the joint through the core of the 
robot parallel to the rotation axis. As a result, the tension forces must be redirected to deliver the necessary 
torque to the joint. The roll tendon pair is diverted from the center of the joint to the outer radius of the 
manipulator body as shown in Figure 12b. This offset is necessary to provide the largest torque possible to 
the joint without expanding the diameter of the manipulator. Much like the human pronator muscle, the roll 
tendon was guided through a 90 degree turn to deliver force perpendicular to the axis of the joint and to 
maximize the torque cross product. A single 7mm ball bearing was used to reduce friction between the 
Figure 12. (a) An anatomical illustration showing human pronator teres pronation and 
supination actuation of the wrist joint (b) tendon routing configuration of the wrist shown in 
cross-section of the manipulator (c) actuation of the wrist joint on a manipulator prototype. 
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rotating components and maintain axis alignment upon unbalanced loading. Unlike the flexure joint, the 
roll joint kinematics result in a linear relationship between the motor commanded angle and the roll joint 
angle. Therefore, a simple proportional gain all that is required for accurate joint control.   
 
3.5. Tendon Routing 
Both the flexure joint and roll joint discussed in previous sections were combined in a serial chain to 
produce a 5 degree-of-freedom miniature robot arm with gripper actuation. The miniature discrete arm 
joints were configured to provide motion similar to that found in more conventional 6-axis articulated robot 
arms. Figure 13b shows the joint configuration. The first link of the arm is permanently attached to the 
tendon lumen that is constrained by the trocar (shown in Figure 5). The 2 degree-of-freedom shoulder of 
the arm is made up of a roll joint followed by a flexure joint. The one degree-of-freedom elbow consists of 
a single flexure joint. The 2 degree-of-freedom wrist of the manipulator consists of a roll joint followed by 
a pivot in the needle driver or grippers. Each gripper jaw is able to move relative to one another to grasp or 
cut tissue as well as to move in sync to produce an effective wrist pivot. 
In past snake-like robot manipulators such as IREP and Da Vinci Sp, the tendons are routed about the 
perimeter of the tool leading to significant joint coupling during actuation. Complex control schemes are 
required to restore independent, decoupled joint actuation. The manipulator presented here was designed to 
minimize joint coupling by placing the actuation tendons in a central via. At any joint in the kinematic chain 
there exist both an active pair of tendons used to actuate that joint, and a set of inactive tendons that must 
be passed through that joint to actuate subsequent joints. By positioning all the tendons on the central axis 
of the manipulator, the torque arm for the inactive tendons is effectively reduced to a small value. Figure 
13a shows a cross-section of the arm and the core bundle of tendons located at the center of the arm. As 
discussed earlier, a pull-pull tendon scheme requires a pair of tendons for each joint. Therefore, 12 Tendons 
(6 pairs) are introduced at the center of the proximal end of the manipulator. Each active tendon pair is 
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extended from the central via as it approaches the respective joint. It is important to note that the unused 
tendons cross the each joint axis through the center of the robot to minimize the joint coupling. 
3.6. Trocar design 
The trocar is a metal or plastic tube that is placed in the incision to maintain an unobstructed pathway 
to the operating zone inside the patient (Figure 2c). In traditional laparoscopic surgery multiple trocars are 
used to provide multiple access points for insertion of manipulators or cutting tools, removal of tissue, 
laparoscope access, as well as insufflation of C02 gas to maintain pneumoperitoneum. The single port trocar 
proposed here was designed to support all of these functions.  
It is important to note that the manipulator discussed above has an effective major diameter of 9 mm. 
This exceeds the sum of the actuation tendons diameters used to drive the manipulator.  The robot is 
introduced to the operating zone through the central via of the trocar as shown in Figure 14b. The actuator 
tendons are guided along adjacent to the robot. Once the manipulator has passed the end of the trocar all 
Figure 13. Manipulator tool design (a) Cross-section of the manipulator body exposes the central core 
tendon bundle and branching tendon routing. (b) Manipulator joint configuration.    
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that remains inside the trocar is the actuator tendons that occupy one quadrant on the wall of the trocar. The 
manipulator is also guided into an angled configuration by the trocar to shift the manipulator body away 
from the central via as shown in Figure 14a. This offset tendon-manipulator configuration makes it possible 
to serially assemble up to four tools through the same single port trocar. The offset also serves to increase 
the triangulation capabilities between the manipulators.  
3.7. Prototype 1 
A preliminary test setup was constructed consisting of three plastic flexure joints in series as to better 
understand the joint range and decoupled nature of the flexure joint and also to study the tendon friction 
characteristics. Figure 15 shows the basic construction of the 3 degree-of-freedom test setup. The clear 
Figure 15.  3 degree-of-freedom flexure test setup. (a) Shows the construction of the 3 
degree-of-freedom setup including delrin flexures and plastic links. (b)  The core tendon 
bundle offset from the center line causing instability at the joint.  
Figure 14. Trocar design (a) Two manipulators inserted (b) cross-section 
of the trocar and manipulators. A third manipulator is able to pass 
through the hollow core of the trocar. 
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stereo lithography (SLA) 3d printed plastic links were connected with black Polyoxymethylene (Delrin®) 
leaf flexures using 1 mm diameter screws. A 0.25 mm diameter para-aramid synthetic fiber (Kevlar®) 
thread was used for each of the 6 tendons. The simple setup showed good joint actuation range and was 
capable of producing ~2 N at the end effector which is in the same order of magnitude as the quoted forces 
for common surgical procedures. The setup also exposed some key design flaws. In order to maintain a 
specific pose, the tendon bundle must always remain under tension. In this first design, the tensioned tendon 
bundle, located on the center axis of the manipulator was allowed to cross to either side of the joint as 
shown in Figure 15b. This offset from the center axis generated a torque arm capable of influencing the 
active flexure joint. The undesired coupling effect caused unstable joint behavior, specifically near the zero 
angle. The flexure showed a snapping or buckling transition while crossing through the zero angle. In an 
attempt to remove this undesired non-linear behavior, subsequent prototypes were designed with shortened 
flexures and a sheath to prevent tendons from diverging from the center axis of the manipulator.     
Figure 16. Prototype 1 (a) 5 degree-of-freedom plus gripper plastic robot manipulator. (b) Manipulator 
with Kevlar thread tendons (c) Stepper motors used to actuate tendons to drive the plastic manipulator. 
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Using the knowledge gained from the 3 degree-of-freedom flexure test setup, a full 5 degree-of-freedom 
plus grasper manipulator was fabricated. Figure 16a shows the first completed 8 mm prototype plastic 
manipulator.  Two flexure joints, two roll joints and two independent grasping jaws assembled together 
with Kevlar tendons and Delrin flexures to form a 75 mm long, 8 mm diameter, arm as shown in Figure 
16b. The arm was mounted on an 8mm aluminum tube that served a lumen for the tendons to pass through 
as well as fixture point. Figure 16 shows 6 stepper motors for driving the joints, a control board, and a 
manipulator assembled on an optical bench. After exiting the aluminum lumen, each tendon pair was wound 
onto the spool on each of the 6 stepper motors. The stepper motors were made independently adjustable to 
tension each tendon pair. The stepper motor position was controlled using an Arduino® micro controller 
and A4988 stepper motor drivers. While the first prototype demonstrated the functionality of the pull-pull 
tendon actuation scheme, the roll joint and flexure joint, the motor mount design and tendon organization 
lacked compactness and mobility.    
 
3.8. Prototype 2 
A second prototype was designed and fabricated to correct the major issues found in the first prototype.  
The first major issue addressed was tendon organization and compactness. It is important to note that all of 
the tools involved in minimally invasive surgeries must either be thoroughly sterilized or thrown away 
altogether after a surgery to prevent contamination. As a result, expensive motors and control system 
components must be kept separate from the tool itself to keep costs down. For this reason, the second 
prototype was designed with a removable drive module shown in Figure 17b. The tool must be docked and 
engaged with the drive module to actuate the joints of the manipulator. The second tool prototype was 
designed with a drive interface (shown in Figure 19) that houses 6 spool pulleys where each tendon pair is 
terminated. A secondary set of pulleys was also incorporated into the drive interface to enable tensioning 
of each tendon pair independently.  
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Unlike the first prototype, the second prototype was fabricated entirely using metal components. The 
plastic components on the original prototype manipulator links were rapid prototyped due to complex 
internal geometries. For the same reason, the metal links of the second prototype were rapid prototyped 
using direct metal laser sintering. In this process Inconel metallic powder was heated to glass transition 
point by a laser to coalesce to form 3d metal structures.  Inconel is an austenitic nickel-chromium-based 
superalloy that is oxidation- and corrosion-resistant. The resulting parts were quite rough and required 
significant machining to achieve an acceptable surface finish. The manipulator was also fitted with spring 
steel flexures to achieve greater joint stiffness and to reduce the buckling crossover issue noted in the first 
prototype. Stranded steel wire was also used to replace the larger diameter Kevlar thread used in the first 
prototype. The steel wire is available in smaller diameters and has a greater tensile strength than that of the 
Figure 17. Prototype 2 (a) Metal tool: manipulator shown at the end of the tendon or guide lumen 
connected to the drive interface at the far end of the lumen. (b) The drive module with DC motors shown 
separated from the drive interface. (c) Posed metal manipulator to show scale.  
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Kevlar thread at the same diameter. In addition a PTFE sheath was added to the wire along the entirety of 
its length to reduce friction and prevent kinking. 
 A drive module was also designed for the second prototype. The drive module can be disengaged from 
the tool as shown in Figure 18. Six slotted brass drive shaft adapters, shown in Figure 18c, were machined 
and mounted to the shaft of each drive motor. The drive module shown in Figure 17b and Figure 19a, 
houses the joint actuation motors and brass drive adapters. These slotted brass adapters are made to engage 
Figure 19. Tool drive interface. (a) Each tendon pair exist the proximal end of the lumen and is 
terminated at the respective spool pulley. (b) The actual drive interface drive pulleys exposed.  
Figure 18. Motor module (a) tool shown disengaged from the drive module and trocar. (b) 
Tool in engaged state. (c) Side view showing the drive shafts in the drive module connecting 
to drive pulleys in tool 
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with six corresponding keyed shafts on the drive interface of the tool. Figure 18a and b show the insertion 
of the tool and the engagement between the tool interface plate and the drive module.  
 
3.9. Motor Selection 
In the second prototype, the DC motors were designed to engage with the drive interface, located at the 
proximal end of the tool lumen, to drive the actuation tendons (Figure 17b). The motor modules must be 
compact and lightweight. The DC servomotors were carefully selected to provide high torque while 
remaining small and lightweight.  15mm, 5.3W DC brushed motors from Faulhaber were chosen. Figure 
20a shows the torque velocity curves for the DC motor operation. The optimal speed and torque for the 
motor is 4000 rpm at 3 mNm torque.  A planetary gear box with a reduction of 52:1 gives an optimal motor 
speed of about 80 rpm. The motor also includes a magnetic encoder with 16 counts per revolution. After 
the gear reduction, this results in a resolution of 832 counts per output shaft resolution. This motor was also 
selected for the relatively low backlash of less than 4 degrees from the input to the output of the planetary 
gearbox. The DC motor is shown in Figure 20b.  
 




It is necessary to develop a kinematics algorithm to map the position and orientation of the pen tip in 
the work space to the joint space of the robot manipulator shown in Figure 21. The 4x4 homogeneous 
transformation mapping the base frame to the end effector frame given by 
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  (3.3.5) 
 Where n, s, and a correspond to unit vectors along the x, y, and z directions respectively and p is a position 
vector. The end effector frame of the slave robot and master pen input device must coincide to successfully 
track human inputs.  
It is common to split inverse kinematics solution for articulated serial chains having spherical wrists 
into a position and orientation components. To achieve this, we must obtain the position of the center of the 
spherical wrist joint wristP  by translating from the original end effector frame effS along the wrist link (-y-
direction) by link length L3. 




 3wrist eff effp p L s    (3.3.6) 
 The point wristP is completely determined by the first 3 joint angular displacements q1, q2, and q3. Where  
 1 arctan(p / p )wristy wristxq     (3.3.7) 
To find the remaining joint angular displacements, we must now obtain a coordinate system 
wherein the elbow joint is projected on a 2 dimensional x-y plane. The transformation T1 maps the ground 
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  (3.3.8) 
 We post multiply by the transformation T1 to obtain the rotating frame S1 on link 0.  
 1 1oS S T   (3.3.9) 
The transformation T1’ corresponds to two rotations of 90 degrees around the x and z axis to obtain a plane 
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  (3.3.10) 
The original rotating frame S1 frame can be post multiplied by T1’ to obtain a frame that is always parallel 
to the plane of the elbow, S1’.  
 1 1 1S S T    (3.3.11) 
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Finally, the wrist position relative to the ground plane can be premultiplied by the inverse of S1’ to obtain 
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    (3.3.12) 
It is now possible to solve for the remaining angular displacements for the 2 degree-of-freedom elbow 
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And the remaining angular displacements are given by 
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The position of the end effector is now completely constrained by angles q1, q2 and q3 found above. 
The remaining degree-of-freedom q4 and q5 define the orientation of the manipulator. To find these 
orientation angles, we must use the three position angles to solve an intermediate forward kinematics 
problem to obtain the frame S3 of the third link and the matrix H which can be defined as 
 
1
3 wristH S p
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  (3.3.17) 
Where S3origin is the position component of matrix S3. The cross product of the vectors a and b divided by 








  (3.3.18) 
The vector u can be used to decide between multiple kinematic solutions depending on the current 
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  (3.3.19) 
If it is the case that the dot product of vectors u and X3 (x-direction of the S3 frame) are greater than zero, 
then q4 and q5 should switch sign.  Assuming that the forward kinematics solution is known for this simple 
5 degree-of-freedom manipulator, and the input position Seff, all five angular displacements can be solved 





A schematic overview of the basic electronics layout used to control one 6 degree-of-freedom 
manipulator is shown in Figure 22. The motions of the user are recorded using a Phantom Omni pen device. 
The recorded motions are used to update the kinematic models in the main computer. A simulated virtual 
robot is displayed on the monitor and updated in real time with the most current joint angles. The computer 
also sends the current joint angles to the interpolator board. The interpolator then sends pulses to each of 
the 6 servo control cards to update each reference position. Each servo control board is connected to a 
faulhaber 12V DC servo gearmotor to drive the manipulator.   
 




5.1. Teleoperation scheme 
In a minimally invasive surgical applications it is important to maintain a precise, intuitive and low 
latency link between the motion of the surgeon’s hand and the robot end effector motion. This master-slave 
scheme is often referred to as teleoperation [13] [14], or the control of a robotic system from a distance.  
We have chosen to use simple unilateral teleoperator control model. The slave robot developed in this 
work does not include force sensors at this time, therefore more complicated force feedback control 
strategies were not used here.  
5.2. Haptic/Input device 
The PhantomOmni haptic device (SensAble Technologies, Woburn, MA) [15] (shown in was used as 
a master input device to capture the surgeon’s motions and send them to a central computer. The 
PhantomOmni is a 6 DOF articulated robot arm shown in Figure 23. Angular digital encoders are built into 
the first 3 articulated joints that provide position information. Linearity potentiometers are built into the 
pitch, roll, and yaw joints to provide orientation information. The joint positions are recorded at 1 kHz and 
sent through RJ45 compliant on-board Ethernet port or USB port to a computer. The PhantomOmni position 
workspace is approximately 160x120x70mm. The joint space encoders provide a task space resolution of 
0.055mm. The PhantomOmni is also capable of providing position force feedback. DC motors integrated 
into the first three joints can provide up to 3.3N of force at the center of the workspace.  
Figure 23. PhantomOmni haptics device by SensAble Technologies 
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5.3. Servo Controllers 
The servo-control algorithm was programmed on the Arduino Nano with the microprocessor 
ATmega328.  Here, a set-point external interrupt increments a counter whenever the interpolator requests 
a pulse while a timer interrupt controls the execution of the servo-control loops. In a single iteration of the 
servo-loop interrupt, the ISR calculates the output voltage to the motor driver based on the instantaneous 
error count. The servo-loop ISR exhibited a maximum execution time of 76 μs in the Arduino Nano, this 
allowed servo-frequencies of 10 KHz. Conventionally, the maximum interpolated frequency should be 
below the execution frequency of servo loop interrupt. The output voltage to the motor drive is sent in an 
8-bit PWM signal in the Arduino Nano. The position and resolution of each platform is proportional to the 
resolution of the PWM signal and is inversely proportional to the execution frequency of the servo-loop 
interrupt. A plug-on servo-controller breakout board (See Figs. 6 (a) and (b)) was conveniently designed 
for the integration of the Arduino Nano with the PWM driver MC33936 from NXP USA Inc. and the 
LS7366R 32-bit quadrature counter from US Digital. The quadrature counter (interfaced via SPI 
communications) offloads the computations of the microcontroller. This solution is tailor to compact 
applications with basic level of performance and high flexibility. 
 
5.4. Programming and OpenGL 
The forward and inverse kinematic solutions were programmed in C++ using visual studio compilers. 
A 3D simulation was created to validate the kinematics solutions before implementation on the actual 
device.  
A virtual robot was programmed in C++ and OpenGL to simulate the kinematics and teleoperational 
control using the Omni pen. This required a loader method, embedded inside the machine-object 
constructor. The standard machine data file (.smd) was created to load the mesh geometry information form 
a .obj file that can be exported from a commercial CAD software such as Blender or Autodesk Inventor. 
36 
 
After loading the geometries, the program spans the graph of machine to find the sequence of shape-joint 
transforms of each link.  This is used by the render service to populate the scene with machine assembly at 
its configuration given by the joint transforms. Figure 24 shows the OpenGL rendered machine with 3D 
links and joint transforms. 
 
 The angles output by the inverse kinematics function are used to coordinate the motion of the axes by 
updating the joint transforms and calling the rendering service after a certain number of iterations.  
  





6. Conclusion and Future Work 
6.1. Conclusion 
In this communication, an 8 mm, 6 degree-of-freedom tendon-driven manipulator was designed and 
fabricated. Flexure hinges proved to be an excellent compact replacement for conventional ball-bearing 
based revolute joints. We also verified the nonlinear relationship between tendon length and flexure joint 
angular displacement. The flexure hinges also allowed the tendons to pass directly through the center of the 
robot, which greatly reduced joint coupling. Although the tendons were routed through the center of the 
joints and through their respective sheaths, the buckling instability at the joint crossover, as discussed 
previously, is still an issue. It is possible that this instability could be further reduced by implementing a 
cross flexure hinge in future designs. We were able to successfully reduce tendon friction in the second 
prototype by implementing a PTFE sheath to encase the steel stranded wire along its route from the tool 
drive interface to the manipulator. A C++ program was developed to interface with the PhantomOmni input 
device, calculate kinematics, and output control commands to the tool DC motor controllers. Custom DC 
motor control cards were developed for each of the 6 independent degrees-of-freedom on the tool using 
Arduino microprocessors. Finally, OpenGL libraries were used to generate a live 3d simulation of the robot 
manipulator in response to the PhantomOmni input. 
 
6.2. Future Work 
We are currently working on the fabrication of the multi-channel trocar design that is discussed in this 
communication. We hope to show that the trocar can support the assembly of at least 2 tools at the distal 
end of the lumen. In addition, it will be necessary to include another degree of freedom in the tools lumen 
to allow for tool offset and triangulation after installment.  
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Now that we have constructed a working prototype robotic manipulator, we would like to better 
characterize the workspace, dynamics and motion accuracy of the system. Because the system lacks direct 
joint feedback, a series of motion capture experiments could be used to record the motion of the end effector 
in 3d space and verify the position accuracies and workspace capabilities. We would also like to attempt an 
in vitro tissue test to verify the forces generated by the DC motors and tendons are adequate to cut and 
dissect tissues. 
While pull-pull tendon actuation schemes have provided the forces necessary for the manipulation of 
tissues with the current devise, the tendon routing presents a significant challenge. We look to investigate 
actuator technology to develop an actuator capable of generating 1-10N of force at a small scale such that 
it can be implemented locally at the joint avoiding the tendon scheme altogether.  
It has become quite obvious from the literature review that more feedback is necessary to increase the 
usability of these robotic surgical systems. In the future we would like to implement strain gauges or force 
sensors locally at the end effector to transmit force information from the robot to the human interface to 
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